Synaptic vesicles have been proposed to form through two mechanisms: one directly from the plasma membrane involving clathrin-dependent endocytosis and the adaptor protein AP2, and the other from an endosomal intermediate mediated by the adaptor AP3. However, the relative role of these two mechanisms in synaptic vesicle recycling has remained unclear. We now find that vesicular glutamate transporter VGLUT1 interacts directly with endophilin, a component of the clathrin-dependent endocytic machinery. In the absence of its interaction with endophilin, VGLUT1 recycles more slowly during prolonged, high-frequency stimulation. Inhibition of the AP3 pathway with brefeldin A rescues the rate of recycling, suggesting a competition between AP2 and -3 pathways, with endophilin recruiting VGLUT1 toward the faster AP2 pathway. After stimulation, however, inhibition of the AP3 pathway prevents the full recovery of VGLUT1 by endocytosis, implicating the AP3 pathway specifically in compensatory endocytosis.
Introduction
Multiple mechanisms have been proposed to underlie the efficient recycling of synaptic vesicles that is required to sustain the high rates of neurotransmitter release observed at many synapses. Release by ''kissand-run'' involves the transient opening of a fusion pore and thus does not require sorting of vesicular from plasma membrane proteins (Ceccarelli et al., 1973; Gandhi and Stevens, 2003; Staal et al., 2004; Harata et al., 2006) . In contrast, after full fusion with the plasma membrane, synaptic vesicles can reform directly by classical endocytosis (Heuser and Reese, 1973; Murthy and De Camilli, 2003) . This mechanism is similar to the endocytosis observed in non-neural cells, requires the recruitment of a clathrin coat by adaptor protein AP2 (Schmid, 1997) , and usually regenerates synaptic vesicles directly after scission from the plasma membrane (Takei et al., 1996) . Alternatively, synaptic vesicles have also been shown to bud from an endosomal intermediate, a process that involves the brefeldin A (BFA)-sensitive adaptor protein AP3 . However, the relationship between these different mechanisms and indeed the role of the AP3 pathway have remained unclear.
Although many components of the endocytic machinery have been identified, the recycling of synaptic vesicle proteins remains relatively unexplored. The Ca 2+ sensor synaptotagmin proteins interact with clathrin adaptor AP2 (Zhang et al., 1994; Jorgensen et al., 1995; Li et al., 1995) , but the role of the interaction and the sequences involved remain uncertain (Blagoveshchenskaya et al., 1999; Haucke and De Camilli, 1999; Grass et al., 2004; Poskanzer et al., 2006; Diril et al., 2006) . The v-SNARE synaptobrevin that mediates vesicle fusion also contributes to synaptic vesicle recycling (Desnos et al., 1995; Grote et al., 1995; Salem et al., 1998; Deak et al., 2004) , but the sorting signals remain unclear. Among the transporters that fill synaptic vesicles with neurotransmitter, the vesicular monoamine and acetylcholine transporters depend on a dileucine-like motif for endocytosis (Tan et al., 1998; Krantz et al., 2000) . More recently, the vesicular glutamate transporters (VGLUTs) have shown differences in trafficking that suggest sorting to distinct synaptic vesicle recycling pathways.
VGLUT1 and -2 exhibit an essentially complementary pattern of expression in the adult brain, with VGLUT1 being the major isoform in cortex, hippocampus, and cerebellar cortex; and VGLUT2 in thalamus and brainstem (Fremeau et al., 2001; Herzog et al., 2001; Varoqui et al., 2002) . Early in life, however, neurons destined to make only VGLUT1 in adulthood transiently express VGLUT2 (Miyazaki et al., 2003; Fremeau et al., 2004; Wojcik et al., 2004) . Since excitatory transmission in the hippocampus is due almost entirely to VGLUT1 in wild-type mice, and to VGLUT2 in the VGLUT1 knockout, analysis of synapses from wild-type and knockouts has enabled comparison of the two isoforms. Although normal in many respects, Schaffer collateral synapses in the knockout depress more rapidly in response to high-frequency stimulation and recover more slowly than those from wild-type animals (Fremeau et al., 2004) , suggesting either that the two isoforms differ in their recycling or that they localize to different synapses with distinct recycling properties. To elucidate differences in the trafficking of VGLUT1 and -2, we have now focused on the cytoplasmic C terminus of VGLUT1, which contains two polyproline motifs not present in VGLUT2 or -3.
Results
The Proline-Rich C Terminus of VGLUT1 Binds to Endophilins Using the cytoplasmic C terminus of VGLUT1 (aa 493-560) as bait to screen a rat-brain cDNA library by the yeast two-hybrid system, we identified endophilins A1 and A3 as potential interacting proteins ( Figures domain that is implicated in membrane curvature (Habermann, 2004 ), a central coiled-coil domain involved in dimerization, and a C-terminal SH3 domain. All fragments that conferred growth in this screen contain the SH3 domain, suggesting that they bind to one or both of the polyproline motifs in VGLUT1. The SH3 domain of endophilin has also been shown to bind dynamin and synaptojanin Schuske et al., 2003; Verstreken et al., 2003) , proteins involved in the scission and uncoating of endocytic vesicles. Although the recruitment of endophilin to clathrin-coated pits is thus considered to involve sequential interactions among the endocytic machinery, the interaction observed in yeast suggests that the membrane protein VGLUT1 recruits endophilin directly.
To assess the significance and specificity of the interaction between VGLUT1 and endophilin, we performed a biochemical analysis of the binding. GST fusions containing the C-terminal cytoplasmic domain of VGLUT1 pull down endophilins A1, -2, and -3 from solubilized brain extracts (Figure 2A ). In contrast, the C terminus of VGLUT1 does not recognize other nerve terminal proteins with SH3 domains, such as amphiphysin, Grb2, intersectin, and syndapin (Figure 2A ), indicating specificity for the endophilin SH3. Consistent with a role for the SH3 domains, deletion of both polyproline motifs in VGLUT1 eliminates the binding to endophilin A1-3 ( Figure 2A ).
Wild-type and mutant VGLUT1 cDNAs were transfected into COS cells to characterize further the interaction with endophilins. Figure 2B shows that deletion of the second polyproline motif (DPP2) but not the first (DPP1) eliminates the recognition of VGLUT1 by endophilins A1-3 in GST pull-down assays ( Figure 2B ). Interestingly, binding appears to be stronger to GST fusions that contain only the C terminus (including SH3 domain) of endophilins A1 and -3 than to full-length endophilins, suggesting that accessibility of the endophilin SH3 (B) Yeast strain AH109 was transformed with bait alone (pGBT9-VGLUT1) or with bait plus empty prey plasmid (pGAD-T7), prey plasmid encoding full-length endophilin A1 and A3, or prey plasmid containing the SH3 domains of endophilins A1 (amino acids 140-352) and A3 (amino acids 174-347) . Interaction between bait and prey was assayed by growth on selective medium lacking histidine and adenine (2His) and on nonselective medium (+His). (C) Summary of results showing that the VGLUT1 C terminus interacts specifically with full-length and SH3 domains of endophilins A1 and A3, by both genetic interaction in yeast and by b-galactosidase activity. (A) GST fusions containing the full C terminus of VGLUT1 (GST-VGLUT1CTD), but not GST alone or GST fused to the proximal C terminus (GST-VGLUT1CTDDPP1+2), bind endophilins A1-3 from brain extracts by Western blotting with isoform-specific endophilin antibodies. GST-VGLUT1CTD did not pull down the SH3 domain proteins amphiphysin, Grb2, intersectin, or syndapin from the same extracts. Bottom panel, GST fusions visualized with Coomassie blue. (B) COS cells were transfected with vector alone, HA-tagged VGLUT1, or deletion mutants of the first (DPP1), second (DPP2), or both polyproline domains (DPP1+2). Solubilized extracts were incubated with equal amounts of GST fusions containing full-length endophilins or fragments of endophilin A1 (amino acids 140-352) and A3 (amino acids 174-347) that contain the SH3 domains, the bound proteins captured on glutathione-sepharose and detected by immunoblotting for the HA epitope. Deletion of the second polyproline domain eliminates binding to endophilins A1-3. Bottom panel shows 1/50 total cell extract. domain may be regulated by interaction with other parts of the protein, similar to endophilin 2 (Chen et al., 2003) .
Endophilin Accelerates VGLUT1 Recycling during Sustained Stimulation
The role of endophilin in endocytosis suggests that its interaction with VGLUT1 may promote internalization of the transporter. To test this possibility, we transfected primary hippocampal cultures with HA-VGLUT1 and assessed internalization with an antibody to the lumenally oriented HA epitope that faces the external medium after exocytosis. In the absence of stimulation, external HA antibody does not bind to the HA epitope of wild-type HA-VGLUT1, indicating that the protein resides at low levels on the plasma membrane ( Figure 3A , top panel). Depolarization with high K + for 5 min increases the accessibility of both wild-type and DPP2 VGLUT1 to external HA antibody, and the removal of calcium blocks the increased cell surface exposure (Figure 3 , middle panels), consistent with Ca 2+ -dependent exocytosis. Treatment with hypertonic sucrose to induce exocytosis of the readily releasable synaptic vesicle pool (Rosenmund and Stevens, 1996) also allows antibody binding and uptake ( Figure 3A , bottom panels). However, deletion of the second polyproline motif (DPP2), which specifically blocks binding to endophilins, does not affect antibody binding and uptake by VGLUT1 either before or after stimulation ( Figure 3B ), indicating that this motif is not essential for exocytosis and endocytosis of the transporter, at least under these conditions.
The absence of polyproline motifs from VGLUT2 and -3 suggests that the interaction of VGLUT1 with endophilin serves a specialized role in transmitter release. Consistent with this possibility, synaptic vesicle recycling persists despite the loss of endophilin (Verstreken et al., 2002; Dickman et al., 2005) . Since accessibility to an external antibody might not detect kinetic differences in recycling due to an interaction with endophilin, we developed a more sensitive assay in live neurons, taking advantage of the ecliptic pHluorin, a form of GFP shifted in its pH sensitivity so that its fluorescence is quenched at the low pH of endosomes and synaptic vesicles (Miesenbö ck et al., 1998). SynaptopHluorin, a fusion of the ecliptic pHluorin to the synaptic vesicle (A) Primary hippocampal neurons expressing HA-VGLUT1 were incubated with mouse HA.11 antibody for 5 min at 37ºC, washed, fixed, stained with rat monoclonal HA antibody and rabbit antibody to synaptophysin, followed by anti-mouse antibodies conjugated to FITC (bound), anti-rat antibodies conjugated to Cy3 (total), anti-rabbit antibodies conjugated to Cy5, and examined by confocal microscopy at the same sensitivity for all conditions. Transfected neurons show little HA antibody labeling relative to total protein expression in the absence of stimulation (no stim), and bind antibody during depolarization for 5 min in the presence of calcium (45 mM KCl), but not without calcium (45 mM KCl 2 Ca 2+ ). Incubation in 0.5 M sucrose (hypertonic sucrose), to stimulate exocytosis of the readily releasable pool of vesicles, also results in antibody uptake. All VGLUT1 staining colocalizes with synaptophysin (data not shown). Insets show 43 magnification of the boxes indicated. (B) Deletion of the second polyproline domain in VGLUT1 (HA-VGLUT1DPP2) does not significantly alter antibody uptake relative to wild-type VGLUT1 (A). Scale bar, 10 mm.
VGLUT1 Recycles through Two Distinct Pathwaysv-SNARE synaptobrevin 2, has been used extensively to study synaptic vesicle recycling . To study VGLUT1 trafficking in real time, we fused a brighter version known as the super-ecliptic pHluorin into the large, first lumenal loop of the transporter. Expressed in hippocampal neurons, VGLUT1-pHluorin colocalizes in varicosities with the synaptic vesicle protein SV2 ( Figure 4A ). In addition, the fluorescence of VGLUT1-pHluorin changes in response to neural activity. Electrical stimulation (10 Hz for 60 s) produces a rapid increase in fluorescence, consistent with the relief of fluorescence quenching on exposure to higher external pH at the time of synaptic vesicle exocytosis ( Figure 4B , first three frames). After stimulation, the peak fluorescence of VGLUT1-pHluorin decays with an exponential time course, consistent with the reacidification of synaptic vesicles ( Figures 4B and 4C ) as demonstrated previously for synaptopHluorin (Sankaranarayanan and Ryan, 2000). The decay is best fit with a single exponential, and direct comparison in this system shows that the fluorescence of synaptopHluorin requenches more slowly after exocytosis than that of VGLUT1-pHluorin ( Figure 4C ), perhaps consistent with the increased cell surface expression of synaptobrevin 2 relative to a number of other synaptic vesicle proteins (Taubenblatt et al., 1999; Sampo et al., 2003) . In addition, low cell surface expression presumably contributes to the large signal over background observed for VGLUT1-pHluorin. To determine whether the expression of VGLUT1-pHluorin perturbs synaptic vesicle recycling, we used the red-shifted styryl dye FM4-64 (Fernandez-Alfonso and Ryan, 2004) . After loading FM4-64 into synaptic vesicles by stimulation, we examined the kinetics of destaining in response to 600 action potentials and found no difference between untransfected neurons and transfected neurons expressing VGLUT1-pHluorin, suggesting that the overexpression of this fusion protein does not impair synaptic vesicle recycling ( Figure 4D ). We also used (A) Wild-type and DPP2 VGLUT1 with superecliptic pHluorin inserted into the first lumenal loop (VGLUT1-pHluorin and DPP2 VGLUT1-pHluorin) both localize to synapses. Hippocampal neurons transfected with the fusions were stained with mouse antibody to the synaptic vesicle protein SV2, followed by secondary anti-mouse antibody conjugated to Cy3. GFP fluorescence colocalizes with SV2 staining at varicosities. Inset, 43 magnification of the designated box. Scale bar, 10 mm. (B) Hippocampal neurons transfected with VGLUT1-pHluorin were stimulated at 10 Hz for 60 s. After onset of the stimulus, the exocytosis of VGLUT1-pHluorin results in a rapid increase in fluorescence (15 and 60 s), followed by a decay after the stimulus (75, 120, and 300 s) as the vesicle reacidifies. Color scale is shown to the right. (C) Time course of changes in fluorescence intensity at boutons expressing VGLUT1-pHluorin (black circles) or synaptopHluorin (blue triangles) during and after stimulation at 10 Hz for 1 min. No significant change in fluorescence of VGLUT1 pHluorin occurs in the absence of calcium (red diamonds). The fluorescence of VGLUT1-pHluorin and synaptopHluorin increases during stimulation (bar) and decays with an exponential time course after termination of the stimulus, consistent with exocytosis followed by endocytosis. The initial time course of fluorescence decay at each bouton was fit with a single exponential and averaged (t decay = 51.2 6 7.8 s for VGLUT1-pHluorin and t decay = 137.9 6 31.5 s for synaptopHluorin). (D) Transfected neurons were loaded by stimulation in the presence of 15 mM FM4-64 at 10 Hz for 60 s, incubated in the same solution for an additional 60 s, then washed for 15 min, and destained by an additional 10 Hz stimulation for 60 s. The rate of destaining was not significantly different between boutons from untransfected neurons (red triangles) and neurons expressing VGLUT1-pHluorin (black circles). Data in (C) and (D) are averages of the change in fluorescence (DF) normalized to initial fluorescence (average of the first five data points, F 0 ). (E) Untransfected neurons were stimulated at 10 Hz for 60 s, incubated in 15 mM FM4-64 at varying intervals after the end of the stimulus train, washed for 15 min, and destained by stimulation at 10 Hz for 90 s. The values shown indicate the change in fluorescence (DF) with destaining and the analysis a t decay = 40.9 6 12.4 s. All data shown are mean 6 SEM.
FM4-64 to compare the rate of VGLUT1 internalization to the rate of membrane retrieval. Addition of the styryl dye at increasing times after stimulation shows progressively less dye uptake ( Figure 4E ) and a time constant for the decay (t decay ) of 40.9 6 12.4 s, very similar to the t decay of VGLUT1-pHluorin (51.2 6 7.8 s) and faster than that of synaptopHluorin (137.9 6 31.5 s).
To assess a role for the interaction with endophilin in VGLUT1 recycling, we transfected wild-type and DPP2 VGLUT1-pHluorin into hippocampal neurons and examined the response to high-frequency stimulation. Stimulation at 5 Hz for 1 min shows no difference between wild-type and mutant in both the fluorescence increase and subsequent decay ( Figure 5A ). Since endophilin appears particularly important for recycling in response to protracted stimulation (Verstreken et al., 2002; Dickman et al., 2005) , we increased the duration of the 5 Hz stimulus to 5 min. Figure 5B shows that under these conditions the wild-type protein exhibits a more rapid decline in fluorescence during stimulation than the DPP2 mutant, indicating more efficient retrieval from the plasma membrane. This difference is specific for the period of stimulation, since the fluorescence decay after stimulation does not differ significantly between wild-type and mutant. Importantly, the altered recycling of mutant VGLUT1 does not appear to reflect differences in the level of protein expression, since wild-type and DPP2 VGLUT1 exhibit similar levels of total fluorescence, and the extent of fluorescence increase (DF/F 0 ) during stimulation is similar for both (data not shown).
Sustained stimulation results in both the delivery and retrieval of synaptic vesicle protein from the cell surface, Each curve was normalized to the peak value of DF in each trace, and the initial time course of fluorescence decay from each bouton was fit with a single exponential. There was no significant difference in the averaged t decay for VGLUT1-pHluorin (49.9 6 4.1 s) and DPP2 (48.6 6 3.7 s) (inset), p = 0.877, Student's t test. (B) During 5 Hz stimulation for 5 min (bar), the fluorescence of wild-type VGLUT1-pHluorin initially increased then decayed slowly, followed by a more rapid decay after the stimulus. The DPP2 mutant showed a similar increase in fluorescence upon stimulation, but decayed more slowly during stimulation than the wild-type. The fractional decay in fluorescence from the maximal value during stimulation [D(DF/F 0 )] was significantly greater for wild-type VGLUT1-pHluorin (0.442 6 0.023) than for DPP2 (0.204 6 0.023) (inset, top), p < 0.0001, Student's t test. As with the 1 min stimulus, there was no significant difference in the time constant of decay after termination of the 5 min stimulus between wild-type VGLUT1 (t decay = 49.0 6 5.1 s) and DPP2 (t decay = 45.5 6 4.0 s) (inset, bottom), p = 0.604, Student's t test. (Sankaranarayanan and Ryan, 2001 ). Subtraction of the evoked fluorescence change in the absence of baf yields the rate of endocytosis (endo). Average endocytosis/exocytosis ratios were obtained by averaging the linear slope of the corrected baf traces (between 0 and 45 s) and the difference (endo) traces (between 15 and 45 s) (Nicholson-Tomishima and Ryan, 2004) . During this time interval, the ratio of endocytosis to exocytosis rates shows no difference between wild-type and DPP2 VGLUT1. (E) Stimulating at 5 Hz for 5 min in the presence of 0.5-1 mM bafilomycin, the initial rate of exocytosis does not differ significantly between wild-type and DPP2 VGLUT1. (F) Since the difference in fluorescence decay between wild-type and DPP2 VGLUT1 was noted only after the initial period of exocytosis (B), bafilomycin was added at 2.5 min into the 5 min stimulation period. (G) Since the fluorescence trace of wild-type and DPP2 VGLUT1-pHluorin differed at the time bafilomycin was added in (D), the baseline of DF/F 0 was reset to 0 at 150 s, when bafilomycin was added, and the data were renormalized. Wild-type and DPP2 VGLUT1 do not differ in the rate of exocytosis late in the stimulation period. Error bars represent SEM. and the increased fluorescence observed during stimulation of the DPP2 mutant might reflect differences from wild-type in exocytosis as well as endocytosis. To study exocytosis directly, we used alkaline trapping with the vacuolar H + -ATPase inhibitor bafilomycin. Bafilomycin blocks the reacidification of synaptic vesicles that have taken up the drug after exocytosis , eliminating fluorescence changes due to the endocytic component of synaptic vesicle recycling, to reveal only exocytosis. Under these conditions, the fluorescence of wild-type and DPP2 pHluorin do not differ in response to 5 Hz stimulation for 1 or 5 min (Figures 5C and 5E) . Correction of the results for the effects of bafilomycin independent of stimulation (Sankaranarayanan and Ryan, 2001 ) also fails to reveal a difference in exocytotic rate between wild-type and DPP2 VGLUT1 ( Figure 5D ). Subtraction of the fluorescence in the absence of bafilomycin from that in its presence further provides a direct measure of endocytosis, which shows no difference between wild-type and DPP2 VGLUT1 during the initial phase of stimulation ( Figure 5D ). Since it remains possible that the interaction with endophilin influences exocytotic release only late in the stimulation period, when the effects of the DPP2 mutation are more apparent ( Figure 5B ), we added bafilomycin at 2.5 min into the 5 min stimulation period. Again, we observed no difference between wild-type and DPP2 VGLUT1 in the rate of exocytosis ( Figures 5F and 5G) . The difference in fluorescence quenching observed during stimulation thus does not reflect a difference in exocytosis, but rather indicates that the second polyproline motif is required specifically for high rates of endocytosis.
To determine whether the interaction of PP2 with endophilin is required for the efficient recycling of VGLUT1, we reconstituted the association using heterologous interacting domains. Both polyproline motifs of VGLUT1-pHluorin were deleted to eliminate binding to endophilin and were replaced with the C-terminal type I PDZ binding site from transmembrane AMPA receptor regulatory protein (TARP) stargazin (Tomita et al., 2001 ) (DPP1+2-stg) ( Figure 6A ). We also replaced the SH3 domain of endophilin with a PDZ binding domain of PSD-95 that binds to stargazin (endoPDZ). Cotransfection of endoPDZ with VGLUT1-pHluorin lacking both polyproline motifs does not rescue the defect in endocytosis of DPP1+2 observed during prolonged high-frequency stimulation ( Figure 6B ). In addition, endoPDZ does not impair the recycling of wild-type VGLUT1 ( Figure 6B ). However, cotransfection of endoPDZ with DPP1+2-stg substantially accelerates endocytosis of the mutant transporter ( Figure 6C ). Rescue of the mutant phenotype by heterologous reconstitution of endophilin binding indicates that the second polyproline motif accelerates the endocytosis of VGLUT1 specifically by recruiting endophilin.
VGLUT1 Recycling Depends on a Dileucine-like Motif VGLUT2 and -3 lack the polyproline motifs required to interact with endophilins, suggesting that another interaction contributes to the endocytosis of all VGLUT isoforms. To identify this signal, we fused sequences from the C terminus of VGLUT1 to the IL2 receptor subunit Tac, a resident plasma membrane protein with one transmembrane domain and essentially no cytoplasmic residues. Using antibodies that recognize the Tac ectodomain to monitor its internalization (Tan et al., 1998) , we found that the entire C terminus of VGLUT1 directs the internalization of a Tac chimera ( Figure 7A ). Consistent with a specialized role during high-frequency stimulation, the polyproline motifs alone do not suffice to drive internalization of Tac, and their removal does not substantially impair the internalization conferred by the full C terminus. To identify residues in the more proximal C terminus that promote internalization, we performed alanine-scanning mutagenesis using HA-tagged VGLUT1. Figure 7B shows that the replacement of residues 510-514 (FVGHD) by alanine increases the proportion of cell surface VGLUT1 detected with an external HA antibody in transfected COS cells. Comparison of these sequences among the different VGLUT isoforms shows significant conservation and suggests that the FV in VGLUT1 acts as a dileucine-like internalization motif, similar to those identified in synaptotagmin and the vesicular monoamine and acetylcholine transporters ( Figure 7C ) (Tan et al., 1998; Blagoveshchenskaya et al., 1999) . The amphipathic helix implicated in endocytosis of synaptobrevin also fits the consensus for a dileucine-like signal including upstream acidic residues (Grote et al., 1995) . To test a role for Phe-510 and Val-511 in the endocytosis of VGLUT1, we replaced these two residues with alanine (FV/AA mutant). In transfected COS cells, the FV/AA mutation increases cell surface expression of HA-VGLUT1 to the same extent as the larger alanine-scanning mutation ( Figure 7B ). We also tested the effect of the FV/AA mutation on the recycling of VGLUT1-pHluorin in transfected hippocampal neurons. Figure 7D shows that the FV/AA mutation dramatically slows internalization of VGLUT1 after 5 Hz stimulation for 1 min. Relative to PP2, Phe-510 and Val-511 thus contribute to the recycling of VGLUT1 after even short stimuli.
Endophilin is generally considered to promote clathrindependent endocytosis, but its direct recruitment by , the distal C terminus containing both polyproline motifs (PP) and the proximal C terminus without the polyprolines (DPP) were incubated at 4ºC for 30 min with monoclonal antibody to the Tac ectodomain. After removal of unbound antibody, cells were incubated for 7.5 min at 37ºC, fixed, permeabilized, and incubated with FITC-conjugated anti-mouse antibodies. Tac antibody bound to the CTD and DPP2 chimeras shows a predominantly intracellular distribution, whereas the polyproline domains alone are not sufficient to confer internalization. Scale bar, 10 mm. (B) COS cells expressing wild-type HA-VGLUT1 or mutants replacing the indicated residues with alanine were incubated with mouse HA.11 antibody for 30 min at 4ºC, washed, fixed, permeabilized, and stained with rat monoclonal HA antibody followed by anti-mouse antibodies conjugated to FITC (surface) and anti-rat antibodies conjugated to Cy3 (total). Mutation of Phe-510 and Val-511 increases surface labeling relative to wild-type HA-VGLUT1. Scale bar, 10 mm. (C) Alignment of sequences from the VGLUTs with similar targeting sequences from other synaptic vesicle proteins (bold). The dileucine-like sequences are underlined (Grote and Kelly, 1996; Tan et al., 1998; Blagoveshchenskaya et al., 1999) . (D) Hippocampal neurons expressing FV/AA (black circles) or DPP2 FV/AA (red triangles) VGLUT1-pHluorin were stimulated at 5 Hz for 1 min. The FV/AA mutation slows fluorescence recovery after stimulation (t decay = 155.3 6 10.5 s) relative to wild-type VGLUT1 (p < 0.001, one-way ANOVA, Bonferroni post test), but there was no additional effect of the DPP2 mutation (t decay = 142.6 6 3.7 s), p > 0.05, one-way ANOVA. Time course of fluorescence changes for wild-type VGLUT1-pHluorin (gray diamonds, from Figure 5A ) is shown for comparison. (E) Hippocampal neurons expressing FV/AA VGLUT1-pHluorin with or without the polyproline motif were stimulated at 5 Hz for 5 min. The FV mutation slows fluorescence recovery both during and after stimulation, but the DPP2 mutation has no additional effect. Data in (D) and (E) are averages of DF/F 0 and normalized to peak DF in each trace. Error bars represent SEM.
VGLUT1 raises the possibility that endophilin has a distinct role in endocytosis, possibly independent of clathrin. Indeed, another BAR domain protein, carboxyterminal binding protein/brefeldin A-ribosylated substrate (CtBP-BARS), has recently been suggested to mediate vesicle fission from the Golgi complex that is independent of dynamin (Bonazzi et al., 2005) . Since dileucine-like motifs are thought to drive clathrin-dependent endocytosis by recruiting adaptor proteins such as AP2 (Robinson and Bonifacino, 2001) , we tested the possibility that the recruitment of endophilin might ameliorate the defect in endocytosis due to the FV/AA mutation. In transfected hippocampal neurons, however, the presence of PP2 does not substantially affect the kinetics of fluorescence decay for the FV/AA mutant after stimulation at 5 Hz for 1 min ( Figure 7D ). We also observed no effect of PP2 on recycling of the FV/AA mutation during 5 Hz stimulation for 5 min ( Figure 7E) , conditions required to demonstrate the role of PP2 in the wild-type transporter ( Figure 5B) . Thus, the effect of the polyproline motif depends on the upstream dileucine-like signal, suggesting that endophilin accelerates the AP-mediated internalization of VGLUT1. However, dileucine-like signals may depend on either of the two adaptors implicated in synaptic vesicle biogenesis, AP2 or AP3.
The AP3 Pathway Mediates Compensatory Endocytosis
The analysis of mocha mice deficient in AP3 has suggested that synaptic vesicle proteins vary in their reliance on the AP3 pathway (Kantheti et al., 1998) . In addition, previous work in neuroendocrine PC12 cells has suggested a role for the AP3 pathway in the trafficking of VGLUT1 (Salazar et al., 2005) . To characterize the role of this BFA-sensitive pathway at the nerve terminal, we tested the effect of BFA on the kinetics of VGLUT1 recycling imaged using the pHluorin fusion. With 5 Hz stimulation for 1 min, there was little effect of BFA on recycling of VGLUT1-pHluorin ( Figure 8A ). During prolonged stimulation at 5 Hz for 5 min, however, BFA restores recycling of DPP2 VGLUT1 to wild-type rates ( Figure 8B ), suggesting that BFA diverts DPP2 from a slow pathway, presumably mediated by AP3, to a faster pathway possibly involving AP2 to which VGLUT1 is normally targeted by endophilin.
After prolonged stimulation, BFA reduces the extent of fluorescence recovery for DPP2 VGLUT1-pHluorin ( Figure 8B ), suggesting incomplete internalization of the cell surface protein. BFA also impairs recovery of wild-type VGLUT1-pHluorin after sustained stimulation, supporting a physiological role for the AP3 pathway ( Figure 8B ). In both cases, the residual fluorescence can be quenched by lowering the pH of the recording medium (data not shown), indicating that it reflects VGLUT1-pHluorin remaining on the cell surface rather than trapped in endocytic vesicles that have failed to acidify. AP3 thus appears to have a specific role in the compensatory retrieval of synaptic vesicle membrane protein after prolonged stimulation.
To determine whether the effects of BFA on synaptic vesicle recycling influence glutamate release, we measured postsynaptic responses in rat hippocampal CA1 pyramidal cells. After incubation in BFA, the initial facilitation to a 5 Hz train was not significantly different from control ( Figure 8C) . However, the analysis of synaptic vesicle recycling indicates a particular role for the AP3 pathway in the setting of prolonged, high-frequency stimulation. Stimulating at 5 Hz for 5 min, treatment with BFA increases the level of sustained transmission relative to control ( Figure 8C ). After the stimulus train, BFA-treated slices also show an augmentation of fEPSP amplitude not present in controls ( Figure 8C ).
Since BFA has been shown to affect multiple membrane trafficking events, we used mocha mice deficient in AP3 to assess the specificity of the effects observed with the drug. The analysis of fEPSPs shows no difference between mocha and wild-type in the initial facilitation, but mocha mice show an increased level of sustained transmission during prolonged, high-frequency stimulation ( Figure 8D ), very similar to the observations with BFA. After high-frequency stimulation, however, fEPSPs observed in mocha slices do not augment to the same extent as those from BFA-treated slices ( Figure 8D ).
Discussion
The results show that VGLUT1 interacts directly and specifically with the endophilin family of BAR domain proteins. Although the recruitment of endophilin to membranes is generally considered to result from a series of protein-protein interactions involving the adaptor protein AP2, clathrin, amphiphysin, and dynamin (Micheva et al., 1997; Simpson et al., 1999) , two metalloprotease disintegrins (Howard et al., 1999) and the b1-adrenergic receptor (Tang et al., 1999 ) also recruit endophilin directly. The interaction does not affect constitutive endocytosis of the b1 receptor, but rather stimulates its ligand-dependent internalization (Tang et al., 1999) . In the case of VGLUT1, deletion of the second polyproline motif that binds to endophilin also does not affect steady-state distribution at baseline or after stimulation. However, fusion of the super-ecliptic pHluorin to the lumenal surface of VGLUT1 has enabled us to identify a role for the interaction in activity-driven synaptic vesicle recycling.
Expressed in hippocampal neurons, VGLUT1-pHluorin lacking the second polyproline motif that interacts with endophilin shows a clear defect in fluorescence recovery during prolonged, high-frequency stimulation. Importantly, the interaction of VGLUT1 with endophilin contributes to only the endocytosis that occurs during prolonged stimulation and was not observed with brief stimuli or after stimulation. The regulation of endophilin by Ca 2+ (Chen et al., 2003; Weissenhorn, 2005) may contribute to the specific role of this interaction during stimulation, when cytosolic Ca 2+ is elevated. We also show that the endophilin interaction does not affect exocytosis. Further, reconstruction of the interaction between VGLUT1 and endophilin, using the PDZ binding site from PSD-95 and the PDZ domain from stargazin, rescues the defect in endocytosis due to loss of PP2. Thus, the interaction of PP2 specifically with endophilin is sufficient as well as necessary for efficient endocytosis of VGLUT1 during prolonged high-frequency stimulation.
How does the interaction with endophilin influence endocytosis of VGLUT1? BAR domain proteins including endophilins tubulate membranes in vitro and are thought to promote positive curvature during membrane Figure 5B in gray diamonds for comparison. After the stimulus, the time course of fluorescence decay (inset, top right) did not differ significantly among wild-type VGLUT1 +BFA (t decay = 48.4 6 6.3), DPP2 VGLUT1 +BFA (t decay = 53.5 6 7.6), and untreated DPP2 (t decay = 45.5 6 4.0 s), p = 0.642, one-way ANOVA. However, in the presence of BFA, the fluorescence of both wild-type and DPP2 VGLUT1 did not return to baseline after stimulation. Expressed as a fraction of maximum, the residual fluorescence at the end of recording for wild-type VGLUT1 +BFA was 0.222 6 0.043; for DPP2 +BFA, 0.225 6 0.050; and for DPP2 -BFA, 0.0 6 0.039, p < 0.01, one-way ANOVA. Data are averages of DF/F 0 , and each curve was normalized to the peak value of DF in each trace. (C) During prolonged, high-frequency stimulation (5 Hz for 5 min), field EPSPs (fEPSPs) recorded in rat hippocampal slices treated with 10 mg/ml BFA (red triangles) have larger amplitudes than fEPSPs in control slices treated with vehicle (DMSO) alone (black circles). After high-frequency stimulation, BFA-treated slices also show recovery of fEPSP amplitudes to levels above control. Data collected between 56 s and 451 s are significantly different (p < 0.05, Student's t test; n = 13, BFA and DMSO). Sample fEPSPs from BFA (red) and control (black) slices are shown to the right at baseline (1), during (2), and immediately after stimulation (3). (D) Hippocampal slices from mocha mice (red triangles) exhibit larger fEPSP amplitudes than wild-type C57Bl6/J control slices (black circles) during prolonged, high-frequency stimulation (5 Hz for 5 min) and recover to a greater extent than wild-type after the train. Data between 56 s and 372 s are significantly different (p < 0.05, Student's t test; n = 17 slices from three mocha mice, n = 16 slices from three wild-type animals). Sample fEPSPs for mocha (red) and control (black) slices are shown to the right at baseline (1), during (2), and immediately after stimulation (3). For (C) and (D), each sample fEPSP is an average of 4 to 30 traces, stimulus artifacts are blanked, and responses during high-frequency stimulation are binned (bin size = 3 s) and normalized to fEPSP amplitude measured before stimulation; scale bars, 0.05 mV, 10 ms. All data shown represent mean 6 SEM.
invagination (Farsad et al., 2001; Gallop et al., 2005) . Endophilin also stimulates downstream events in endocytosis by recruiting other proteins such as synaptojanin, which triggers clathrin uncoating (Schuske et al., 2003; Verstreken et al., 2003) . VGLUT1 may thus recruit endophilin to form a clathrin-coated pit or to accelerate uncoating. Since VGLUTs are presumably at low abundance (Daniels et al., 2006) , the recruitment of endophilin could provide a mechanism to ensure that every synaptic vesicle contains a VGLUT to package glutamate for subsequent exocytotic release. However, VGLUT2 and -3 serve a similar role in vesicle filling and lack polyproline motifs. In addition, we have expressed the VGLUT1-pHluorin in wild-type rat hippocampal neurons that contain endogenous VGLUT1, and it would be surprising if the introduced VGLUT1 recruited substantially more endophilin than already present.
Alternatively, endophilin may recruit VGLUT1 to preformed clathrin-coated pits. In this case, the interaction would have a more specific effect on the trafficking of VGLUT1 than on synaptic vesicle recycling as a whole. This mechanism also provides a simpler explanation for the defect in recycling of DPP2 VGLUT1 expressed in wild-type rat neurons-the mutation affects only VGLUT1, not membrane recycling in general. An effect specific for VGLUT1 also raises the possibility that other synaptic vesicle proteins have their own, distinct signals for recycling that reflect their individual roles in transmitter release (Diril et al., 2006) .
The recruitment by endophilin may target VGLUT1 to a distinct recycling pathway as well as accelerate its endocytosis. To address the relationship of the endophilin interaction to other endocytic machinery, we identified a C-terminal dileucine-like motif (Phe-510 and Val-511) important for the endocytosis of VGLUT1. Since dileucine-like signals generally bind to adaptors such as AP2 (Robinson and Bonifacino, 2001) , we used the FV/ AA mutant to determine whether the endophilin interaction operates independently of adaptor proteins. The results indicate that the effect of the endophilin interaction requires the dileucine-like signal. The results do not indicate whether the effect of endophilin depends on clathrin or dynamin. However, they do suggest that endophilin acts in a pathway requiring adaptor proteins, presumably AP2 or AP3.
The functional significance of the AP3 recycling pathway for synaptic vesicles has remained unclear. The AP2 pathway predominates in neurons (Haucke and De Camilli, 1999) , and mocha mice lacking AP3 show relatively little defect in synaptic vesicle recycling and transmitter release (Kantheti et al., 1998; Vogt et al., 2000) . Nonetheless, the AP3 pathway accounts for the recycling of vesicles at axonal sites during development (Zakharenko et al., 1999) and is crucial for the recycling of certain synaptic vesicle proteins, such as the zinc transporter ZnT3 (Kantheti et al., 1998; Nakatsu et al., 2004; Salazar et al., 2004; Seong et al., 2005) . To assess a role for the AP3 pathway in the recycling of VGLUT1, we treated the cultures with BFA. Although it blocks the AP3 pathway for synaptic vesicle recycling, BFA accelerates the endocytosis of DPP2 VGLUT1 during high-frequency stimulation, rescuing the defect produced by the DPP2 mutation. We infer that in the absence of its normal interaction with endophilin, VGLUT1 recycles at least in part through a slower pathway involving AP3. BFA blocks this pathway, diverting the transporter back to the faster AP2 mechanism. Wild-type VGLUT1 thus appears to rely primarily on the AP2 pathway during high-frequency stimulation, as a result of its interaction with endophilin. However, the interaction with endophilin is not required after recruitment to this pathway, since BFA rescues fast recycling of the DPP2 mutant. Other synaptic vesicle proteins may rely to varying extents on both pathways, and we have indeed observed that BFA accelerates the endocytosis of wild-type synaptobrevin 2 (synaptopHluorin) during high-frequency stimulation (data not shown).
After stimulation, BFA reduces the extent of endocytosis for both wild-type and DPP2 VGLUT1. The slow recycling pathway involving AP3 thus contributes to the compensatory endocytosis that retrieves membrane and protein equal in amount to that delivered by synaptic vesicle exocytosis. Incomplete recovery of membrane would result in ballooning of the nerve terminal, and incomplete recovery of synaptic vesicle membrane proteins would allow them to escape from the nerve terminal by diffusion along the plasma membrane. Compensatory endocytosis thus protects the nerve terminal against changes in surface area and protein composition due to variation in activity. Despite its importance, the mechanism of compensatory endocytosis has remained poorly understood.
Multiple synapses exhibit two morphologically and functionally distinct forms of membrane recycling: a fast clathrin-dependent mechanism and a slow mechanism involving cisternal intermediates suggestive of bulk endocytosis that becomes important only with prolonged, high-frequency stimulation (Heuser and Reese, 1973; Richards et al., 2000; de Lange et al., 2003; Richards et al., 2003) . Ribbon synapses such as those formed by retinal bipolar cells may rely in particular on bulk endocytosis (Holt et al., 2003; Paillart et al., 2003) . Interestingly, AP3 mediates the formation of synaptic vesicles from endosomes Salazar et al., 2004) , suggesting a role for AP3 in the regeneration of synaptic vesicles from cisternal intermediates under circumstances that activate bulk endocytosis. Supporting this possibility, we now observe that BFA reduces VGLUT1 retrieval specifically after prolonged, high-frequency stimulation, With less protracted stimulation, bulk endocytosis is presumably not activated, eliminating the requirement for endophilin to recruit VGLUT1 away from the slower pathway.
Prolonged high-frequency stimulation may also exceed the capacity of the rapidly recycling pool and begin to draw on synaptic vesicles from the reserve pool (Rizzoli and Betz, 2005) . Since release from the reserve pool and bulk endocytosis both require high-frequency stimulation, they may be related processes, with vesicles from the reserve pool returning to the reserve pool by bulk endocytosis. Recent work has indeed suggested that synaptic vesicles from different pools retain identity as they recycle (Sara et al., 2005) . In addition, the analysis of neural cell adhesion molecule (NCAM)-deficient mice reveals two distinct synaptic vesicle pools, one sensitive to BFA (Polo-Parada et al., 2001) . Alternatively, the interaction with endophilin may redistribute VGLUT1 from the reserve to the rapidly recycling pool during high-frequency stimulation, suggesting the potential for neural activity to influence the protein composition of synaptic vesicles and so contribute to synaptic plasticity.
The analysis of VGLUT1 knockout mice supports the physiological significance of the in vitro observations described here. We previously found that although the basic properties of glutamate release mediated by VGLUT1 and -2 from hippocampal neurons are essentially identical, VGLUT2 synapses depress more rapidly than VGLUT1 in response to high-frequency stimulation and recover more slowly (Fremeau et al., 2004) . Since VGLUT2 (and -3) lack the polyproline motifs required for interaction of VGLUT1 with endophilin, this interaction may account for the difference in recycling observed in vivo between wild-type and VGLUT1 knockout mice. In addition, VGLUT1 knockout mice suggest a reduction in the reserve pool of synaptic vesicles in hippocampus and cerebellum (Fremeau et al., 2004) . VGLUT1 recycling by bulk endocytosis, which occurs after high-frequency stimulation and presumably depends on AP3, may thus contribute to formation or maintenance of the reserve pool.
BFA also affects the postsynaptic response to highfrequency stimulation. Consistent with the increased rate of DPP2 VGLUT1 recycling observed with the drug, BFA produces an increase in the amplitude of field potentials during stimulation. However, the difference from control appears within seconds of stimulus onset, suggesting that BFA may have already diverted internalizing synaptic vesicles to the recycling pool. BFA might indeed be expected to increase the recycling pool if it interferes with a pathway responsible for the reserve pool. Mocha mice deficient in AP3 show a remarkably similar response to BFA, strongly suggesting that effects of acute treatment with BFA reflect the specific inhibition of AP3. Interestingly, BFA also rescues the increased synaptic depression observed in NCAM-deficient mice (Polo-Parada et al., 2001) .
In summary, the direct interaction of VGLUT1 with endophilin accounts for its rapid recycling during synaptic stimulation, presumably through a pathway involving AP2. In the absence of this interaction, VGLUT1 recycles through a slower pathway involving AP3. After prolonged high-frequency stimulation, however, the AP3 pathway retrieves wild-type VGLUT1 that remains on the plasma membrane to mediate compensatory endocytosis. Two pathways with distinct but complementary roles thus promote the recycling of VGLUT1. Other synaptic vesicle proteins may use these two pathways to differing extents, resulting in activity-dependent alterations of synaptic vesicle and plasma membrane protein composition that influence transmitter release and contribute to synaptic plasticity. The two pathways may also direct synaptic vesicle proteins to functionally distinct pools of synaptic vesicles.
Experimental Procedures

Molecular Biology
The HA epitope was inserted between Gly-99 and Gly-100 of rat VGLUT1, both polyproline motifs deleted by introducing a stop codon after Glu-529, and the second polyproline motif deleted with a stop codon after Gln-549. Tac chimeras were produced by inserting into Tac either the entire cytoplasmic C terminus of VGLUT1 beginning with Glu-493, the proximal C terminus (Glu-493 to Glu-529), or the polyproline motifs (beginning with Pro-530) (Tan et al., 1998) .
Alanine-scanning mutants were produced by replacing 5 residues at a time with alanine in the proximal C terminus of VGLUT1 (Gln-495 to Glu-529). The super-ecliptic pHluorin (a generous gift of J. Rothman) surrounded by 5 0 linker STSGGSGGTGGS and 3 0 linker GGTGGTGGSGGTG was inserted between Gly-99 and Gly-100 of VGLUT1. The first PDZ domain of PSD-95 (generous gift of D. Bredt and S. Tomita) extending from Glu-58 to Arg-151 was inserted after nucleotide 451 of endophilin 1 (endoPDZ). The last 40 nucleotides of stargazin were inserted at the SmaI site of rat VGLUT1 (DPP2-stg). Constructs were subcloned into pcDNA I/Amp (Invitrogen) for in vitro binding and the chicken actin vector pCAGGs for expression in neurons.
Yeast Two-Hybrid Screen and In Vitro Binding S. cerevisiae strain AH 109 was simultaneously transformed with bait vector pGBT9 containing nucleotides 1706-1805 of VGLUT1 and a rat brain cDNA library in the pGADT7 vector (generous gift of D. Bredt), selected on plates lacking L-trp, L-his, L-leu, and L-adenine, screened by b-galactosidase filter assay, and positive clones tested for bait dependence before sorting into different groups by restriction analysis. Inserts from positive prey plasmids were expressed as GST fusions, and GST fusions to the C terminus of VGLUT1 were produced as previously described (Bellocchio et al., 1998) . Extracts from rat brain or transfected COS cells were solubilized in 0.32 M sucrose, 20 mM HEPES (pH 7.4), 1 mM EGTA, 1 mM DTT, and 2% Triton X-100 (TX-100) containing protease inhibitors (1 mg/ml E64, 2 mg/ml aprotinin, 2 mg/ml antipain, 2 mg/ml leupeptin, 2 mg/ml pepstatin, 2 mg/ml chymostatin, and 20 mg/ml PMSF), sedimented at 100,000 3 g for 45 min at 4ºC, and the supernatants (3 mg protein/ml) incubated with 10 mg GST fusion immobilized on glutathione-sepharose at room temperature for 90 min. After pelleting, the beads were washed and bound protein detected by Western analysis using mouse monoclonal HA antibody mHA.11 (1:1000, Covance), goat anti-endophilins 1-3 (1:500), goat anti-amphiphysin (1:500), goat anti-Grb2 (1:200, Santa Cruz), rabbit anti-syndapin (1:500), or rabbit anti-intersectin (1:500) (last two gifts of R. Kelly).
Cell Culture and Immunofluorescence
To assess cell surface expression and endocytosis, transfected COS cells were incubated with antibody to an externally oriented epitope, either mHA.11 or Tac antibody (1:250, Covance), then fixed and immunostained for total HA (rat anti-HA 3F10, Roche) using appropriate secondary antibodies conjugated to FITC, Cy3, or Cy5 (Jackson ImmunoResearch) as previously described (Tan et al., 1998) .
Hippocampal cultures from embryonic day 19 (E19) rats were prepared, transfected with 0.5-3.0 mg DNA by electroporation, and grown as previously described (Li et al., 2005) . After 13-15 days in vitro (DIV), the cells were fixed, permeabilized, blocked in PBS containing 0.1% TX-100 and 5% donkey serum, and immunostained with mHA.11, mAb to SV2 (gift of R. Kelly) and appropriate secondary antibodies. To assess antibody uptake, transfected neurons grown 11-14 DIV were incubated for 5 min at 37ºC with mHA.11 diluted 1:200 in modified Tyrode's solution (in mM: 119 NaCl, 10 HEPES-NaOH [pH 7.4], 30 glucose, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 ) containing the glutamate receptor antagonists 10 mM 6-cyano-7 nitroquinoxaline-2,3-dione (CNQX) and 50 mM D,L-2-amino-5-phosphonovaleric acid (APV), washed, fixed, permeabilized, immunostained using rat anti-HA 3F10 and appropriate secondary antibodies, and bound antibodies visualized by confocal microscopy. To stimulate exocytosis, KCl was increased to 45 mM, and NaCl reduced by an equivalent amount. To block exocytosis, Tyrode's solution with 45 mM KCl was modified by eliminating CaCl 2 , increasing MgCl 2 to 4 mM, and adding 50 mM EGTA. Stimulation with hypertonic sucrose was performed using Tyrode's medium containing 500 mM sucrose.
Live Cell Imaging
Hippocampal cultures transfected with VGLUT1-pHluorin were imaged at 14-20 DIV. Coverslips were mounted in a laminar-flow perfusion and stimulation chamber on an inverted epifluorescence microscope and imaged in modified Tyrode's solution at room temperature using a 633 objective. After acquisition of the fifth image, action potentials were elicited at 5-10 Hz with 1 ms bipolar current pulses through platinum-iridium electrodes, to yield fields of 5-10 V/cm. Cells were illuminated using a Xenon lamp with 492/18 nm excitation and 513-547 nm band-pass emission filters, and images acquired every 3-6 s with a CCD camera using on-chip 2 3 2 pixel binning. The fluorescence of manually designated regions was quantified, baseline values from the first five frames (prior to stimulation) averaged, and the dynamics of fluorescence intensity expressed as fractional change (DF) over initial fluorescence (F 0 ). For all normalized measurements, total fluorescence over individual boutons was integrated and individual traces were normalized to peak fluorescence in each trace. For the data that were not normalized ( Figures  4C-4E) , the fluorescence of a 4 3 4 pixel box centered over the bouton was averaged, and the average fluorescence of three 4 3 4 pixel boxes without cellular elements was subtracted as background. The decay in fluorescence after stimulation was fit to a single exponential. To image exocytosis, cultures were incubated in modified Tyrode's medium containing 0.5-1 mM bafilomycin A (Calbiochem) for 1 min before imaging in the same medium. Cultures were pretreated in media containing 10 mg/ml BFA (LC Services) for 30 min at 37ºC before imaging in modified Tyrode's containing the same concentration of BFA. The data were averaged from >50 boutons per coverslip and six to nine coverslips from at least two independent transfections, and presented as mean 6 SEM.
To assess exocytosis with FM4-64, the cultures were incubated in modified Tyrode's solution containing 15 mM FM4-64 and stimulated at 10 Hz for 60 s, followed by continued incubation in the same medium for an additional 60 s. After extensive washing for 10-15 min in modified Tyrode's solution without FM4-64, the FM dye was unloaded by stimulation at 10 Hz for 60 s. To assess endocytosis using FM4-64, the cultures were stimulated at 10 Hz for 60 s, and FM4-64 added at increasing times after the end of the stimulus. The cells were then washed for 15 min and destained with 10 Hz stimulation for 90 s. Fifty boutons were averaged per coverslip, and the means from nine coverslips were averaged.
Electrophysiology
Transverse hippocampal slices (400 mm) were prepared from Sprague-Dawley rats (20-21 days old) or wild-type or mocha mutant mice (35-60 days old), maintained at room temperature, perfused in medium containing 50 mM APV and 10 mM 2-methyl-6-(phenylethyl) pyridine (MPEP), and field EPSPs evoked in CA1 stratum radiatum as previously described (Fremeau et al., 2004) . For experiments involving BFA, slices were incubated in either 1 mL/mL DMSO or 10 mg/mL BFA for at least 30 min before recording. Slices from mocha and wild-type mice were interleaved, and the experimenter was blind to genotype.
